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ABSTRACT
The Ca II 854.2 nm spectral line is a common diagnostic of the solar chromosphere. The average
line profile shows an asymmetric core, and its bisector shows a characteristic inverse-C shape. The
line actually consists of six components with slightly different wavelengths depending on the isotope
of calcium. This isotopic splitting of the line has been taken into account in studies of non-solar stars,
but never for the Sun. We performed non-LTE radiative transfer computations from three models
of the solar atmosphere and show that the asymmetric line-core and inverse C-shape of the bisector
of the 854.2 nm line can be explained by isotopic splitting. We confirm this finding by analysing
observations and showing that the line asymmetry is present irrespective of conditions in the solar
atmosphere. Finally, we show that inversions based on the Ca II 854.2 nm line should take the isotopic
splitting into account, otherwise the inferred atmospheres will contain erroneous velocity gradients
and temperatures.
Subject headings: Sun: atmosphere — Sun: chromosphere — radiative transfer
1. INTRODUCTION
The triplet of lines of Ca II at 849.8, 854.2
and 866.2 nm in the solar spectrum are formed
in the chromosphere of the Sun. They are com-
mon diagnostics of the chromosphere. The in-
frared triplet is sensitive to magnetic fields and is
used to infer properties of the chromospheric mag-
netic field based on observations of the Stokes vec-
tor (e.g., Socas-Navarro et al. 2000a; Lo´pez Ariste et al.
2001; Socas-Navarro et al. 2006; Judge et al. 2010;
de la Cruz Rodr´ıguez & Socas-Navarro 2011).
All three lines show a marked asymmetry in their
line cores in spatially and temporally averaged pro-
files (Neckel & Labs 1984), and their bisector shows an
inverse-C shape (Uitenbroek 2006). The Hα line, which
forms at similar heights in the chromosphere does not
show such asymmetry (Chae et al. 2013).
The variation of the bisector of the Ca II 854.2 nm
line during the solar cycle has been investigated by
Pietarila & Livingston (2011), who found that the asym-
metry of the line core, and thus the bisector, change in
phase with the solar magnetic cycle. In a follow-up study,
Pietarila & Harvey (2013) found that the bisector shape
in areas with high magnetic flux is different from the bi-
sector in quiet Sun, providing a natural explanation for
the asymmetry-activity correlation.
The actual physical mechanism that causes the solar
line asymmetry has so far not been identified. Previous
modeling efforts did not reproduce the observed inverse-
C shaped bisector (Uitenbroek 2006; Leenaarts et al.
2009). These studies ignored the minority isotopes of
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TABLE 1
Ca isotopes, their abundance and 3d 2D5/2 – 4p
2P3/2 line
wavelengths
Isotope Abundance λ (nm)
40Ca 6.33 854.20857
42Ca 4.15 854.21426
43Ca 3.47 854.21696
44Ca 4.66 854.21952
46Ca 1.94 854.22433
48Ca 3.61 854.22871
calcium and instead assumed all calcium in the form of
40Ca, the most abundant isotope (96.94% in the standard
solar system composition, Anders & Grevesse 1989)
In the stellar community it has however been re-
alised that the other isotopes should be taken into
account in order to explain observed line shapes
in chemically peculiar stars (e.g., Castelli & Hubrig
2004; Cowley & Hubrig 2005; Cowley et al. 2007;
Ryabchikova et al. 2008).
With this letter we draw the attention of the solar com-
munity to the importance of isotopic splitting in the mod-
elling of the Ca II IR triplet. Using appropriate chromo-
spheric models, we show that isotopic splitting can ex-
plain the observed inverse-C shaped bisector of the Ca IR
triplet lines. In addition we demonstrate that neglecting
the splitting in inversions of observed Stokes profiles can
lead to erroneous derivation of the velocity, temperature,
and possibly, magnetic field strength.
2. SIMULATIONS AND RADIATIVE TRANSFER
We constructed 5-level-plus-continuum model atoms
for the 4 stable isotopes and two extremely long-lived
isotopes of calcium. We computed the energy levels of
the 4p 2P3/2,5/2 and 3d
2D1/2,3/2 states using the exper-
2imental data from Ma˚rtensson-Pendrill et al. (1992) and
No¨rtersha¨user et al. (1998). There is a near-linear re-
lation between the number of nucleons and the wave-
length of each line in the IR triplet; we used this relation
to extrapolate the energy levels for isotopes that were
not measured. One isotope, 43Ca, shows hyperfine split-
ting (Safronova & Safronova 2011). We do not take this
into account. Because the spread of this splitting is only
0.88 pm, this does not significantly influence our results.
We took the total calcium abundance from
Asplund et al. (2009) and the relative abundance
of each isotope from Anders & Grevesse (1989). In
Table 1 we give the isotopes, their abundance in the
standard AH = 12 scale and the wavelength of the Ca II
854.2 nm line.
We used three model atmospheres. The first is
the 1D semi-empirical FAL model C of Fontenla et al.
(1993). The second is a time series of 240 snapshots
taken at 10 s intervals computed with the 1D radiation-
hydrodynamics code RADYN (e.g., Carlsson & Stein
1992, 1997). The third is a snapshot of a 3D
radiation-MHD simulation performed with the Bifrost
code (Gudiksen et al. 2011). We chose the same snap-
shot as was used by Leenaarts et al. (2012) to investigate
Hα line formation, and refer to that paper for details of
the simulation.
We performed the non-LTE radiative transfer compu-
tations using the RH code by Uitenbroek (2001). For
each atmospheric model we performed two computations:
one where we assumed all calcium to be in the form of
40Ca, and one where we included all isotopes given in
Table 1. In the multi-isotope computation we included
the isotopes as separate atoms that were treated simulta-
neously in non-LTE. FALC included a microturbulence
that varies with height as given in Vernazza et al. (1981).
In the RADYN simulation we used a constant microtur-
bulence of 2 km s −1. The 3D Bifrost snapshot did not
include microturbulence. Each column in this model was
treated independently as a 1D plane-parallel atmosphere.
3. RESULTS
3.1. Profile asymmetry and bisector
In Figure 1 we show the vertically emergent profiles of
the Ca II 854.2 nm line from our model atmospheres with
and without isotopic splitting and compare to the ob-
served quiet-sun atlas profile from Neckel & Labs (1984).
The profiles for the RADYN simulation are time aver-
ages. The Bifrost profiles are spatial averages over the
simulation box.
The synthetic profiles appear all nearly symmetric
when isotopic splitting is ignored, and are narrower than
the atlas. With the inclusion of the isotopic splitting the
profiles become wider and asymmetric, also in the case
of the static FALC atmosphere. The FALC profile only
show asymmetry in the upper part of the line core. This
lack of deep-core asymmetry is caused by the chromo-
spheric temperature rise that masks the presence of the
heavier isotopes. The RADYN and Bifrost profiles show
a modest asymmetry that is present in the whole line
core. None of the models reproduces the observed core
width or intensity. The too small core width indicates
insufficiently strong vertical motions (cf. Leenaarts et al.
2009), the too low core intensity is mainly caused by a
Fig. 1.— Upper three panels: comparison of the observed atlas
profile (black) of the Ca II 854.2 nm line with synthetic profiles
computed from three different atmosphere models with isotopic
splitting (blue) and without splitting (red). The vertical grey lines
indicate the wavelength of the transition for each isotope (see Ta-
ble 1). Bottom panel: bisectors of the Ca II 854.2 nm line as de-
termined from the atlas profile and the synthetic profiles from the
atmosphere models. Solid curves are with splitting, dotted curves
without splitting. The zero point of the ∆λ-scale is the wavelength
of the minimum intensity of each line profile.
too low temperature in the model chromospheres.
Inspection of the 849.8 and 866.2 nm lines shows that
those lines behave the same: the line cores are nearly
symmetric without isotopic splitting but show a strong
asymmetry when the splitting is included.
We computed the bisector of all line profiles. We define
the bisector b(I) as function of the intensity I as
b(I) =
1
2
(λred(I) + λblue(I))− λmin, (1)
with λred(I) the wavelength on the red side of the pro-
file minimum where the intensity is I, and similarly for
λblue(I), the quantity λmin is the wavelength of the pro-
3file minimum. The bisector is by construction only sen-
sitive to the line asymmetry, and not to the line width.
By defining the zero point to be the profile minimum we
allow direct comparison of the bisector amplitude and
avoid uncertainties in the absolute wavelength calibra-
tion of the atlas profile.
We display the resulting bisectors in the bottom panel
of Figure 1. The atlas profile shows the observed quiet-
sun inverse-C shape. The models do not show this shape
when splitting is ignored. Note that we obtain the same
bisector for the RADYN model ignoring splitting as
Uitenbroek (2006).
This inverse-C shape is qualitatively reproduced by the
models when isotopic splitting is included. FALC has
near-zero amplitude in the deep core and a sudden in-
crease of the amplitude in the upper core beyond the
observed amplitude. It does not display the turn to-
wards the blue at larger intensity as in the atlas profile.
RADYN exhibits the correct bisector amplitude, but not
the turn towards the blue. The Bifrost model does not
reach the observed bisector amplitude, but reproduces
the blueward turn. As Bifrost is the only model with
a convection zone, we speculate that this blueward turn
is caused by overturning convection in the upper photo-
sphere.
3.2. Observations
To support our theoretical results, we explored a Ca II
854.2 nm dataset acquired at the SST with the CRISP
instrument. The images were taken at solar disk center
in quiet-Sun on the 2013-07-14 at 10:38 UT. The line
was observed with a sampling of 5.6 pm in the line core
up to ∆λ = ±42 pm. In the wings, the sampling was
coarser. At 854.2 nm, CRISP has a spectral resolution
of δλ = 11.1 pm, thus our profiles are critically sampled
close to line center. The data have been processed as
described in de la Cruz Rodr´ıguez et al. (2013).
Hole (2012) analyzed a similar dataset, trying to as-
sociate the inverse-C shaped bisector with specific solar
features or dynamics. The author detected the inverse-
C shape in spatially resolved profiles, and concluded the
bisector shape is thus not an effect of averaging differ-
ent profiles that individually do not show an inverse-C
bisector.
We divided the field-of-view in our data in three re-
gions: bright-points, chromospheric fibrils and the rest
of the quiet Sun. Then we computed spatially averaged
line profiles within each region, and calculated the bisec-
tors as shown in Figure 2. We find that inverse-C shaped
bisectors are present in spectra from fibrils, bright-points
and quiet-Sun, but only the quiet-Sun bisector shows the
blueward turn at higher intensities. The bisector ampli-
tudes in each region are of the same order of magnitude
to that from the FTS atlas. Isotopic splitting naturally
explains the ubiquitous presence of the asymmetry, de-
spite the variation in thermodynamical properties.
Note that the bisector amplitude is larger in fib-
rils and bright points than in quiet Sun, and the
blueward turn is suppressed. This is in agreement
with Pietarila & Harvey (2013) who found the same be-
haviour in circumfacular regions compared to the quiet
Sun.
3.3. Influence on inversions
Fig. 2.— SST observations in the Ca II 854.2 nm line. Top:
line core image. Masks enclosing bright-points (red) and fibrils
(white) are indicated with contours. Bottom: bisectors computed
from spatially averaged line profiles, using the masks indicated in
the top panel, for fibrils (gray), quiet-Sun (blue) and bright-points
(red). The bisector from the FTS atlas convolved with the CRISP
spectral profile is shown in black.
Inversions of solar observations in the Ca II
854.2 nm line have so far ignored isotopic split-
ting (e.g., Tziotziou et al. 2001; Pietarila et al. 2007;
de la Cruz Rodr´ıguez et al. 2013). The additional line
width and asymmetry caused by the minority isotopes
will then typically be fitted with a velocity gradient.
We investigated this effect by inverting the synthetic full
Stokes vector including isotopic splitting computed from
a column from the Bifrost simulation taken from a mag-
netic element. In order to mimic real observing condi-
tions we convolved the profile with the CRISP spectral
resolution and resampled it at the CRISP critical sam-
pling of 5.6 pm.
The inversions were performed with the NICOLE code
in non-LTE (Socas-Navarro et al. 2000b), using an in-
version strategy similar to de la Cruz Rodr´ıguez et al.
(2012). NICOLE iteratively modifies the physical param-
eters in a 1D model atmosphere to reproduce observed
full-Stokes profiles.
The inversion was performed twice. Once assuming
all calcium is 40Ca, and once using an approximation to
include overlapping lines by Carlsson (1986). In this ap-
4Fig. 3.— Comparison between the original Bifrost atmosphere
(black) and the inverted quantities including isotopic splitting
(blue) and without splitting (red). The three top rows show tem-
perature, vertical velocity and the vertical magnetic field. The
bottom row shows the fits for Stokes I and V using the same color
coding.
proximation the Ca II 854.2 nm absorption coefficient is
a weighted sum of Voigt profiles, each centered at the
rest-wavelength of the line for each isotope. The weight
is proportional to the relative abundance of each isotope.
This is an approximation because the ratio of the level
populations between different isotopes is not constant in
the atmosphere. This method is not as accurate as treat-
ing each isotope separately, but it is much faster, and test
calculations show that the differences in the resulting line
profiles are insignificant. The inversion employed 11 tem-
perature nodes and 4 nodes for the vertical velocity and
3 nodes for the vertical magnetic field. The results are
shown in Figure 3.
The inversion including isotopic splitting recovers
Stokes I and the atmospheric parameters well, but it
does not quite fit the amplitude of the Stokes V peak on
the red side of the line core.
If isotopic splitting is ignored, both Stokes I and V are
fitted slightly worse. In order to fit the profile asymme-
try, the inversion without splitting introduces a velocity
Fig. 4.— Inversion of an observed quiet-Sun profile from our ob-
servations, including isotopic splitting (blue) and without isotopic
splitting (red). From top to bottom, the panels show temperature,
line-of-sight velocity and the line profile. The observed profile is
indicated with black crosses in the bottom panel.
field with up to 6 km s−1 difference to the true value
and adjusts the temperature up to 2 kK. The resulting
inferred atmosphere does not resemble the original atmo-
sphere.
The Zeeman response in the Ca II 854.2 nm line
is usually in the weak-field regime (B < 2500 G, see
de la Cruz Rodr´ıguez et al. 2013). Therefore, if the in-
version is able to fit Stokes I, then the magnetic field
is retrieved accurately irrespective of whether isotopic
splitting is included in the inversion. This is the case in
our computation. But if the inversion cannot reproduce
Stokes I, errors can also appear in the inferred magnetic
field.
We also inverted the intensity profile from a row of pix-
els from the observations (512 in total) using 7 nodes in
temperature and 4 nodes in vertical velocity. These pro-
files were also inverted twice: with and without isotopic
splitting. Figure 4 shows the results for a pixel with a
clearly asymmetric line profile. The line profile is fitted
equally well with both methods. However, the inversion
without splitting introduces a velocity field in order to fit
the line shape, similar to the inversion of the synthetic
profile. Both inversions provide very similar estimates
for the temperature as a function of height, in contrast
to the synthetic data. The difference in inferred veloc-
ity structure is common: 62% of the pixels we inverted
with and without splitting show a difference larger than
2 km s−1.
Finally, we note that the inversion without splitting
needs four velocity nodes in order to fit the profile. The
inversion including splitting reaches a good fit using only
5two nodes.
4. DISCUSSION AND CONCLUSIONS
The various isotopes of Ca have slightly different en-
ergies for the 3d and 4p levels of Ca II. This results in
isotopic splitting of the infrared triplet lines. This is of
importance because the Ca II 854.2 nm line is an often-
used diagnostic of the solar chromosphere.
We investigated this splitting in a static 1D and dy-
namic 1D and 3D models of the solar atmosphere. All
employed models produce an asymmetric line core with
an inverse-C shaped bisector. These effects are not
present when ignoring the minority isotopes. No model
reproduces the observed quiet sun spectrum quantita-
tively, but all models agree qualitatively. We therefore
conclude that the Ca II 854.2 nm line asymmetry and bi-
sector shape is mainly caused by isotopic splitting, and
not by effects caused by velocity fields as has been sug-
gested earlier (Uitenbroek 2006).
The exact bisector shape and amplitude in our mod-
els depend on the atmospheric structure. In our ob-
servations we find a markedly different bisector shape
between quiet Sun and regions with stronger magnetic
field, although both show the inverse-C shape. This
agrees with the findings of Pietarila & Harvey (2013)
and the variation of the bisector shape with the solar
cycle (Pietarila & Livingston 2011).
In addition we investigated the effect of isotopic split-
ting on the inversion of line profiles. We found that ig-
noring isotopic splitting in a test inversion of a synthetic
line profile leads to an inferred atmospheric structure
that contains spurious velocity gradients and an incor-
rect temperature variation in order to fit the line-core
asymmetry. Inversions of observed line profiles indicate
similar differences in inferred velocities with and without
the inclusion of isotopic splitting. Modelling splitting by
adding the line profiles of the different isotopes together
largely eliminates these biases, without additional com-
putational cost.
We recommend that all future inversions of the Ca II
infrared lines include the effects of isotopic splitting.
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